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Possible slow slip event beneath the Kii 
Peninsula, southwest Japan, inferred 
from historical tilt records in 1973
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Abstract 
Recent geodetic measurements have detected recurrent slow slip events (SSEs) in many subduction zones. Numeri-
cal simulations suggest that the recurrence intervals and magnitudes of such SSEs decrease in the later stage of the 
interseismic period. Therefore, activities of SSEs and their temporal variations in recurrence intervals and magnitudes 
provide important clues for evaluating future large earthquakes. However, our knowledge of recurrent SSEs before 
the establishment of dense observation networks is limited. Here, we report a possible SSE in 1973 beneath the Kii 
peninsula along the Nankai subduction zone, southwest Japan, where magnitude 8 class earthquakes such as the 
1944 Tonankai and 1946 Nankai earthquakes repeatedly occur. The possible SSE was detected by a horizontal pen-
dulum tiltmeter installed in 1947 at the Kishu observatory. We recovered and converted the original tilt records from 
1969 to 1974 drawn on bromide (light sensitive) papers to digital tilt records. In late-November 1973, there was a 
slow transient signal down to the northeast of about 1.4 μrad, lasting about 1–3 days. Assuming this crustal deforma-
tion was due to an SSE, we searched for a possible fault model by adopting the already-known SSE models occurring 
from 1996 to 2012 as template models. Among the 42 template fault models, five models were able to qualitatively 
explain the direction of the observed tilt change. The centroids of these fault models were located about 30–60 km to 
the west of the observatory. In the source region, two magnitude 5 class earthquakes occurred before the initiation 
of the transient signal, and thus may be related to the occurrence of the possible SSE. In contrast, the magnitude of 
the calculated tilt change was about 1–2 order smaller than that of the observed tilt change. This discrepancy could 
be partly explained by a slip amount larger than that in the template models, which suggests that the possible SSE 
in 1973 was larger than those detected by recent observations. Further investigation of historical data on crustal 
deformation will reveal more about the temporal change in the recurrence intervals and magnitudes of SSEs during 
earthquake cycles of large earthquakes. 
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Introduction
Slow slip events (SSEs) are spontaneous slow fault motions 
along a subducting plate boundary lasting from days to 
years (Hirose et al. 1999; Rogers and Dragert 2003). SSEs 
occur without radiating seismic energy; therefore, geo-
detic measurements such as tiltmeters, strainmeters 
and the Global Navigation Satellite System (GNSS) have 
contributed to the detection of SSE signals. Recent obser-
vations have clarified that SSEs are often observed prior to 
large earthquakes (Kato et al. 2012; Ito et al. 2013; Graham 
et al. 2014; Ruiz et al. 2014; Radiguet et al. 2016). SSEs may 
be related to the occurrence of large earthquakes by trans-
ferring tectonic stress at nearby megathrust faults because 
these SSEs occurred near the source regions.
Numerical studies have recently demonstrated that 
the recurrence intervals of SSEs decrease in the later 
part of the interseismic period (Matsuzawa et al. 2010). 
This indicates that SSEs perturb stress in megathrust 
faults more frequently prior to coseismic rupture than 
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other interseismic periods. In addition, Luo and Liu 
(2019) found that the peak slip rate and the amount of 
slip of SSEs decrease before megathrust earthquakes 
based on a numerical simulation similar to Matsuzawa 
et al. (2010). Therefore, the activities of SSEs and their 
variations in time and magnitude provide important 
clues to anticipated large earthquakes.
SSEs have been detected by dense geodetic observa-
tion networks (Szeliga et  al. 2008; Sekine et  al. 2010; 
Nishimura et  al. 2013; Nishimura 2014; Rousset et  al. 
2017). For example, Sekine et  al. (2010) analyzed tilt 
records of the high-sensitivity seismograph network 
(Hi-net), operated by the National Research Network 
for Earth Science and Disaster Resilience (Okada et al. 
2004; Obara et al. 2005), to detect 54 SSEs from 2001 to 
2008 in southwest Japan. In contrast, Nishimura et  al. 
(2013) developed a systematic detection method of 
SSEs based on the GNSS time series. They analyzed the 
GNSS Earth Observation Network System (GEONET) 
(Nakagawa et  al. 2009) operated by the Geospatial 
Information Authority of Japan and found more than 
100 SSEs from 1996 to 2012 in southwest Japan. In the 
Mexico subduction zone, Rousset et  al. (2017) con-
structed another systematic detection technique for 
SSEs, named the geodetic matched filter, to clarify 28 
events from 2005 to 2014. These comprehensive studies 
of SSE detections are largely attributed to dense obser-
vation networks such as Hi-net and GEONET, which 
are available in these few decades.
In contrast, there are few reports of SSEs before the 
establishment of such dense networks (Kimata et  al. 
2001; Kobayashi and Yamamoto 2011; Alba et al. 2019). 
In such a case, traditional geodetic observations such 
as leveling, tide gauge and electronic distance measure-
ment are useful for detecting possible SSEs. For exam-
ple, Kobayashi and Yamamoto (2011) utilized leveling 
and sea level data in western Shikoku, southwest Japan, 
and found that vertical crustal deformation patterns in 
1980, 1985–1986 and 1991 were similar to those found 
during the 1996–1997 and 2003 SSEs, which were 
already detected based on GNSS data. They pointed 
out that such deformations may indicate the possibil-
ity of SSE occurrences. Such kinds of traditional geo-
detic data have the potential to reveal the occurrence 
of SSEs prior to the establishment of the dense obser-
vation network. In this study, we report another pos-
sible SSE beneath the Kii Peninsula, southwest Japan 
(Fig. 1a), in 1973, based on historical tilt records at the 
Kishu observatory, and attempt to construct a possible 
source fault model. Then, we investigate the validity of 
the possible models by comparing the strain changes 
observed by extensometers at the Kishu observatory 
(Ozawa 1978) and the related seismic phenomena.
Data
We used tilt data recorded at the Kishu observatory, 
southwest Japan (Fig. 1a), operated and preserved by the 
Disaster Prevention Research Institute, Kyoto University. 
At the Kishu observatory, horizontal pendulum tiltme-
ters were installed in 1947 (Tanaka et al. 1981). The origi-
nal tilt records until at least 1974 were drawn on bromide 
(light sensitive) papers (Fig. 1b, c) with a length of 30 cm 
and height of 8.5 cm, and the recording speed was about 
0.2 cm/h. These bromide papers were stored at the Abuy-
ama Observatory at Kyoto University. The observation 
period, as well as note for change in recording speed and 
the occurrence date of the earthquakes, was recorded on 
the back of the paper. Each bromide paper recorded two 
components in N57W (top) and N33E (bottom) direc-
tions of ground tilt for about 1 week (Fig. 1c). We recov-
ered the data from 1969 to 1974 by digitizing the lines 
on the bromide papers using the method of Mashiko 
et  al. (2013), and hereafter, focus on the records in late 
November in 1973 (Periods I–III) spanning three bro-
mide papers (Fig. 1c). Because the original bromide paper 
was set in a circular arrangement, the records were over-
drawn when the observed record reached the end. As a 
result, there were two tilt record lines in each component 
for about one-fourth of the paper (Fig.  1c). This some-
times yields to overlap two lines (e.g., b′–c′ and c′–d′ 
in Fig. 1c), and fails to successfully separate two lines in 
digitizing the data (solid colored squares in Fig. 1d). For 
this reason, tilt records at the end of each period (dotted 
squares in Fig.  1d) in the digitized time series are rep-
resented at the initial time of each period (solid squares 
in Fig.  1d) and there are artificial steps at the start or 
the end of the overlapping periods (on November 27 in 
N57W component, and November 20, December 3 and 
4 in N33E component). We did not correct these steps 
because, in such a case, most of the tilt records in the 
overlapping period (solid squares in Fig. 1d) truly repre-
sent the data during the period at the end of each paper 
(dotted squares in Fig.  1d). Therefore, hereafter, we do 
not consider the period when two tilt lines were recorded 
in each component, i.e., the period shown by colored and 
dotted squares in Fig.  1d. Furthermore, we also ignore 
the record obtained during the first ~ 1 cm of each bro-
mide paper because this record corresponds to the stuck 
region in circling the bromide paper.
We used the sensitivity value of the tiltmeter of 0.145 
μrad/mm, which was originally shown as “ca. 0.03 s/mm” 
in Table 1 in Tanaka et al. (1981). Tidal signals appeared 
on the record are comparable to theoretical tide calcu-
lated using GOTIC2 (Matsumoto et  al. 2001) (Fig.  1d). 
We used the tidal analysis program BAYTAP-G (Tamura 
et al. 1991) to extract O1 and M2 constituents from the 
observed tilt record. Amplitudes of observed tilts were 
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Fig. 1 Observed tilt records. a Map of the study area and observed tilt change. The green arrow indicates the tilt change at the Kishu observatory 
indicated by a triangle. The inset shows a map of Japan with a rectangle indicating the location of the study area where the Philippine Sea plate 
(PH) is subducting beneath the Amurian plate (AM). Black lines indicate the plate boundaries. b Picture of original bromide papers. c Original time 
series of ground tilt in the (top) N57W and (bottom) N33E directions from November 19 to December 10 in 1973. Each letter indicates a temporal 
connection of time series. Arrows denote the timing of two earthquakes with JMA magnitudes of 5.9 and 5.7. The recording speed was about 
0.2 cm/h, and 4.8 cm in the horizontal measure corresponds to ~ 1 day. Note that the record obtained during the first ~ 1 cm of each bromide paper 
corresponds to the stuck region in circling the bromide paper. d Digitized time series. Black lines indicate the tilt change in the (top) N57W and 
(bottom) N33E directions and blue lines indicate the theoretical tide corresponding to both directions. Solid grey vertical lines indicate the start and 
end of each bromide paper. The solid colored squares are the period when two lines are overlapped in the original bromide records, one of which 
actually means a record in the period shown by dotted colored squares
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226% and 275% of theoretical tide for O1 in N57W and 
N33E, and 120% and 54% for M2 in N57W and N33E, 
respectively. There exists a discrepancy between the 
observed and theoretical amplitude of tidal response 
probably due to the cavity and topography effects (Har-
rison 1976). However, we did not correct this discrep-
ancy because it does not significantly affect our main 
conclusions.
There was a transient signal spanning two bromide 
papers (Periods I and II) recorded in late November in 
1973 (Fig. 1c, d). To define the observed tilt change, we 
fit a linear function to the tilt data for two components 
between November 22 and 24, respectively, and extrap-
olate the linear function to November 29. We also fit a 
linear function between November 29 and December 
1. The observed tilt change was defined as the differ-
ence of values of the two linear functions on November 
29. Although we assumed that the slopes of two linear 
functions were different, this assumption does not sig-
nificantly affect our conclusions. There was a slow tilt 
change of about 0.4 μrad up and about 1.4 μrad down to 
the directions of N57W and N33E, respectively, which 
lasted about 1–3  days. This transient movement seems 
to start on November 25. However, we cannot clearly 
determine the onset of the movement because of the 
overlapping problem. Ground tilt is sometimes sensitive 
to rainfall, but because there was little precipitation dur-
ing this period, the transient signal may represent crustal 
deformation due to fault slip along the plate boundary.
Fault modeling of an SSE
Previous studies detected SSEs that continued for a few 
days beneath the Kii Peninsula at a depth of about 35 km 
along the plate boundary between the subducting Phil-
ippine Sea plate (PH) and the overriding Amurian plate 
(AM), and estimated their fault models (Sekine et  al. 
2010; Nishimura et  al. 2013). These SSEs recur with an 
interval of approximately 6 months in the eastern part of 
the Kii Peninsula and with a frequency of less than one 
per year in the western part. In this study, we attempt to 
construct a possible fault model based on these previous 
fault models.
First, we adopted the fault models due to 42 SSEs 
(Models 1–42) from 1996 to 2012 obtained by Nishimura 
et  al. (2013) as template models (see Additional file  1: 
Table  S1). Fault parameters of the template models 
were determined by the non-linear inversion method 
(Matsu’ura and Hasegawa 1987) assuming the SSEs 
occurred along the subducting plate interface and 
the shapes of the faults were rectangular. Because it 
is difficult to constrain fault parameters from a single 
station record, we conducted forward modeling and cal-
culated tilt changes assuming the template models using 
a formulation for an elastic homogeneous half-space 
by Okada (1992). Then, we searched for a possible fault 
model that could qualitatively explain the observed tilt 
changes at the Kishu observatory in 1973.
Results
Among the 42 template fault models, 10 models (Models 
3, 5, 6, 9, 15, 22, 23, 24, 32 and 35) indicate the directions 
of tilt changes (N49E) in the same quadrant as that of the 
observed tilt change (Fig. 2 and Additional file 1: Figure 
S1). It should be noted that the centroids of these fault 
models all located in the western or southwestern side 
of the Kishu observatory. Hereafter, we focus on the five 
models (Fig. 2, Models 5, 6, 23, 24 and 35) that exhibited 
the discrepancies in the direction between the observed 
and calculated tilt vectors less than 10° and refer as pos-
sible models. These possible models all indicate that if the 
observed tilt change was caused by an SSE, the centroids 
of the faults must be about 30–60  km west or south-
west of the observatory to explain the direction of the 
observed tilt change. Comparisons between the observed 
and calculated tilt changes for the other template models 
are summarized in Additional file 1: Figure S1.
Discussion and conclusions
We found the possible fault models that could explain 
the direction of the observed tilt change. However, the 
calculated tilt changes in the possible models were 1–2 
order smaller than the observed tilt change. One pos-
sibility is that the slip amount was greater than those in 
the template models. If the fault location of the 1973 SSE 
was the same as those of the possible models, the slip 
amount should be 91, 50, 28, 95 and 128 cm for Models 5, 
6, 23, 24 and 35, respectively. This implies that a fault slip 
one order larger than that in the possible model is nec-
essary even in the smallest case of Model 23 to explain 
the observed amplitude. Another possibility is that the 
location of the 1973 SSE was different from that in the 
possible models. Figure 3 shows the spatial distributions 
of tilt changes calculated from the possible models. The 
amount of tilt change is at most about 100 nrad regardless 
of the azimuth, which is still one order smaller than the 
observed amplitude. Although these spatial distributions 
were obtained assuming the same fault parameters as the 
possible models, the maximum value of the calculated 
tilt amplitude does not change significantly as long as the 
depth, area and slip amount in the assumed fault are sim-
ilar. This indicates that it is difficult to use the difference 
in fault location alone to explain the discrepancy between 
the observed and calculated amplitude of ground tilt. In 
addition, there may be a possibility of overestimating the 
observed tilt change. As mentioned in “Data” section, 
the original tilt records were written on bromide papers 
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Fig. 2 Calculated tilt change. Red arrows indicate the calculated tilt change due to a uniform slip of a rectangular fault of Models a 5, b 6, c 23, d 
24 and e 35, indicated by a blue rectangle in each panel with the slip vector indicated by a blue arrow. Black and white stars represent epicenters of 
the magnitude 5.9 and 5.7 earthquakes in November 25, 1973, respectively
Fig. 3 Spatial distribution of calculated ground tilt. Black arrows indicate the calculated tilt vector due to a uniform slip of a rectangular fault of 
Models a 5, b 6, c 23, d 24, and e 35, indicated by a blue rectangle. The tilt vectors exhibiting the same quadrant as the observed tilt vector are 
shown by red arrows. Blue arrows indicate the slip vector
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and the transient tilt change spanned two papers. There-
fore, if the records in two papers were not correctly con-
nected, it would bias the observed tilt change. However, 
the latter half of the observed tilt signal was recorded 
only on a single paper and was thus not affected by the 
error due to the connection of papers (Fig.  1c, d). This 
signal was about half of the original observed tilt change 
and was still larger than those expected from the possi-
ble models. Therefore, the overestimation of data alone 
cannot explain the discrepancy of tilt amplitude, and the 
combination of the abovementioned possibilities may be 
necessary to explain the discrepancy.
At the Kishu observatory, extensometers were also oper-
ating from 1961. The extensometers recorded a transient 
strain change of ~ 4–5 × 10−7 contraction in north–south 
direction (NS) and ~ 2–3 × 10−7 extension in east–west 
direction (EW) during the possible SSE (Fig.  2 in Ozawa 
(1978)). We have examined whether the possible fault mod-
els determined by tilt records could explain these strain 
data. Figure 4 summarizes the spatial distributions of strain 
change calculated by assuming the possible models, indi-
cating that all the possible models could not explain the 
features of strain data, i.e., the contraction in NS, exten-
sion in EW, and the absolute value of strain change in NS 
is larger than that in EW. All the possible models indicate 
that the observed features can be reproduced at locations 
on the northern–northeastern, western, and southern side 
of the fault, indicated by circles in Fig. 4. On the other hand, 
the spatial distributions of tilt changes (Fig. 3) show that the 
directions of tilt vectors at locations on the northeastern–
northwestern side of the fault indicate the same quadrant as 
that of the observed tilt. Therefore, it may be necessary for 
a fault to locate on the southwestern side of the observatory 
to simultaneously explain the observed features of tiltme-
ters and extensometers. Although additional observation 
would be required for a fine estimation of fault parameters 
to reproduce both observed features, the limited data pro-
vide a rough constraint of possible fault location beneath 
the western part of the Kii Peninsula. In addition, it should 
be noted that the calculated strain change is one order 
smaller than the observed strain change (Fig. 4) and such 
feature is indicated by tilt changes as well.
The possible fault models locate in the western part of 
the Kii Peninsula, where 14 SSEs recurrently occur from 
1996 to 2012 corresponding to a frequency of less than 
one per year on average (Nishimura et al. 2013). We have 
investigated the bromide tilt records from 1969 to 1974, 
and do not find any clear transient signal except for the 
1973 SSE mentioned in this paper. Although we cannot 
rule out the possibility that such transient signal was 
masked by a local meteorological condition, recurrence 
intervals in 1970s might be longer than those inferred by 
current dense observations.
The tiltmeter observed seismic waves due to two earth-
quakes on November 25, 1973 (arrows in Fig. 1c), prior 
to the initiation of the possible SSE. Tilt steps due to 
these earthquakes were recorded in N57W component 
(Fig.  1c). According to the unified hypocenter catalog 
provided by the Japan Meteorological Agency (JMA), the 
hypocenters were close to the source regions of the pos-
sible SSE models, located about 40 km west of the Kishu 
observatory at a depth of 54 km (Fig. 2) below the oce-
anic Moho of the PH (Kato et al. 2014). The JMA magni-
tudes of these earthquakes were 5.9 and 5.7, respectively, 
which were exceptionally large in this region where only 
five earthquakes with a magnitude greater than 5.0 were 
recorded from 1923 to 2014 in the JMA unified hypo-
center catalog. The extensometer started to show the 
transient signal after these earthquakes (Fig. 2 in Ozawa 
(1978)) and therefore, such large earthquakes may be 
related to the occurrence of the SSE, potentially through 
stress perturbation and/or fluid migration.
We recovered the historical bromide records of ground 
tilt from 1969 to 1974 from the Kishu observatory, south-
west Japan. After digitizing the records, we analyzed the 
transient signal lasting for about 1–3  days in Novem-
ber 1973. Assuming this transient signal was due to an 
SSE on the plate interface, we inferred possible models 
among the recent fault models between 1996 to 2012 
estimated by Nishimura et  al. (2013). All the possible 
models, located about 30–60 km west and southwest of 
the observatory, could qualitatively explain the azimuth 
of the observed tilt change. However, the amplitude of 
the calculated tilt was 1–2 order smaller than that of the 
observed tilt. This discrepancy could be partly explained 
by the amount of fault slip, fault location and bias due to 
the connection of bromide papers. In addition, there is a 
possibility that the recurrence interval in those era was 
longer compared to the current observations. The SSE 
was likely related to the two earthquakes, with magni-
tudes of 5.9 and 5.7, that occurred 1 day before the initia-
tion of the transient signal.
Numerical simulations demonstrate that the slip 
amount and the recurrence interval of SSEs intrinsi-
cally decrease in the later stage of the interseismic 
period (Luo and Liu 2019). This indicates that if the 
slip amount due to the 1973 SSE was larger than those 
in the possible models estimated in the last 20  years 
and if the recurrence interval around 1973 was longer 
than that in recent years, the current state may be in 
the later stage of the interseismic period of the earth-
quake cycle along the subducting PH, where magnitude 
8 class earthquakes such as 1944 Tonankai and 1946 
Nankai earthquakes repeatedly occur with intervals 
of 90–200  years (Ando 1975). Continuous and care-
ful investigation of historical bromide tilt records and 
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Fig. 4 Spatial distribution of calculated strain. Squares and circles indicate the calculated strain change due to a uniform slip of a rectangular fault 
of Models a 5, b 6, c 23, d 24, and e 35, indicated by a blue rectangle. Locations in which calculated strain change have the same features of the 
observed strain data, i.e., the contraction in NS, extension in EW, and the absolute value of strain change in NS is larger than that in EW, are shown 
by circles. Blue arrows indicate the slip vector
Page 8 of 9Kano and Kano  Earth, Planets and Space           (2019) 71:95 
finding raw records of extensometers will reveal more 
SSEs and attribute to clarify the temporal change in 
recurrence interval and magnitude of SSEs.
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Additional file 1: Table S1. Fault model parameters of SSEs in southwest 
Japan estimated by Nishimura et al. (2013). Figure S1. Calculated tilt 
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due to a uniform slip of a rectangular fault shown by a blue rectangle in 
each panel, in which the slip vector is indicated by a blue arrow.
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